Citrus essential oils have numerous applications in multiple sectors, including food, drink and personal care industries.
Introduction
An essential oil is, in principle, the volatile fraction of the components of a plant or its parts, obtained by a physical separation process; although, depending on the nature of such process, the essential oil may also include certain non-volatile residues. At an industrial at a research level are the following: ethanol, methanol, and their aqueous solutions; and also ethyl acetate and acetone; among others [8] [9] [10] . Countercurrent liquid-liquid extraction is also a possibility with pentane being used as a second solvent along with diluted methanol or ethanol. Emerging technologies have also been tested, and for example membrane separation and supercritical fluid extraction are already in industrial use. Membrane separations afford a high quality product due to the operation at low temperatures, along with other concomitant advantages; but they present typical problems of membrane-based processes, such as tendency to clog and maintenance costs [1, 11, 12] . Extraction with supercritical fluids also avoids high temperatures and direct distillation processes in the deterpenation of essential oils, with CO2 being the most commonly employed supercritical fluid, since it is non-toxic, non-flammable, and has a critical temperature of 31 ºC; but again, problems inherent to supercritical fluid technologies, such as investment, safety, and operational costs, are a handicap [1, 4, [13] [14] [15] .
In the last years, a new approach to the deterpenation of essential oils by solvent extraction has been considered, with the use of ionic liquids instead of conventional volatile solvents [8, 16] . Ionic liquids are salts that can be used as solvents at the typical operation temperature ranges in liquid-liquid extraction processes, given their low melting point [17] .
Since they are integrally constituted by ions, they have a practically negligible volatility at the usual process conditions, and often they also exhibit other interesting properties for their use as solvents: wide liquid range, thermal stability, chemical stability, non-flammability, and great ability to solvate a wide variety of compounds [17, 18] . Moreover, their properties can be tuned to an important extent by judicious selection and tailoring of the chemical structures of their constitutive ions [17] . This appealing characteristic has led to the coinage of the term 'designer solvents', although applications of ionic liquids in the present moment go far beyond their mere use as solvents [18, 19] . Still, their typical set of properties render them very interesting as neoteric solvents in reaction and separation processes, and specifically they can lead to the reconsideration of current solvent extraction processes, as well as envisioning of new ones [20] . For the particular case of deterpenation of essential oils, a series of ionic liquids were tested for the separation of compounds in a simplified, modelled citrus essential oil consisting of a mixture of limonene (a representative terpene) and linalool (a representative oxyterpene) [8, 16, 21, 22] . Although different structural features in the constitutive ions were explored, seeking an optimisation of the ionic liquid to carry out the target separation, the results were only partially successful at best: some of the ionic liquids showed a high separation power of the terpene and the oxyterpene, but at the same time the low solubilities of the extracted oxyterpene would imply the need of prohibited amounts of solvent for the implementation of the extraction unit at an industrial scale.
It is the ability to carry out separations according to chemical type, rather than according to physical characteristics (such as vapour pressure), which often makes solvent extraction a so attractive separation technique [23] . In this regard, the main structural difference between limonene and linalool is the presence, in the latter, of a hydroxy group (see chemical structures in Fig. 1 ). This functional group, contrary to the structural features in limonene, is susceptible of establishing hydrogen bonding with a suitable hydrogen bond acceptor. Thus, a possibility to improve the extracting performance of ionic liquids as extracting solvents in the separation of limonene and linalool could be the use of ionic liquids with a strong capacity to act as hydrogen bond acceptors. Apart from functional groups appended to the cationic core, the ability to accept hydrogen bonding in an ionic liquid is often connected with the basic character of its anion. Therefore, two ionic liquids containing the acetate anion, with a strong basic character, were considered herein: 1-ethyl-3-methylimidazolium 
Experimental

Materials
Citrus essential oil was simulated as the mixture of two representatives of its main types of components: the terpene limonene and the oxyterpene linalool. R-(+)-Limonene was supplied by Sigma-Aldrich with a nominal purity of 97 %, and (±)-linalool was purchased from SAFC with a nominal purity of ≥97 %. Both chemicals were used as received, without further purification. Table 1 with literature values published by other authors [25] [26] [27] [28] [29] . The fair comparison observed constitutes an additional confirmation of the quality of the batches used in this work.
Procedure
Different ternary mixtures comprising limonene, linalool, and one of the ionic liquids (and also a binary mixture with limonene and each of the ionic liquids) were prepared so that the global compositions lay in the immiscibility domain. These mixtures were placed in jacketed glass cells especially designed for the determination of liquid-liquid equilibria. The cells were capped right after, to avoid losses by evaporation or pickup of moisture. The mixtures were vigorously stirred via magnetic stirring for a minimum of 2 h, at a temperature of 298.15±0.05 K, controlled with a Selecta Ultraterm 6000383 thermostatic bath. The indicated stirring time was sufficient for the immiscible phases present to be in thermodynamic equilibrium, as determined through a series of tests using different stirring times and analysing the composition of the equilibrated phases (see below for details on the compositional analysis procedure). After stopping the stirring, the samples were allowed to settle for at least 12 h, to ensure a complete separation of the phases in equilibrium. Again, preliminary tests showed that this time was enough to guarantee a satisfactory phase separation. Once the phases were completely separated, syringes with attached needles were used to take sample of each phase, without disturbance of the interface (to avoid crosscontamination), for subsequent compositional analysis.
The compositional analysis of the samples was carried out by 1 H NMR spectroscopy.
This technique has proven to lead to satisfactory results in liquid-liquid equilibria of various types of ternary systems involving ionic liquids [30] [31] [32] [33] [34] , and in particular in some previous works by us on the deterpenation of essential oils [21, 22] . A drop from the samples taken from the equilibrated samples were introduced in NMR tubes, using CD3OD (Aldrich, 99. 
Results and discussion
Liquid-liquid equilibria
Linalool was found to be totally miscible, in any proportion, with Table 2 . In accordance with the qualitative observations on miscibility of pairs of compounds discussed above, there is a tie-line in each ternary system for which the composition of linalool is zero in both phases, corresponding to the binary mixture limonene + ionic liquid. An interesting feature directly inferred from inspection of the data is that, in most experimental tie-lines of any of the two systems, no ionic liquid was detected in the top phase. This is similar to what was previously found in liquid-liquid equilibria of analogous ternary systems with other ionic liquids [21, 22] .
A better perspective of the meaning of the liquid-liquid equilibrium data sets is provided by the equilateral triangular diagrams plotted in Fig . This is due to a greater affinity of the latter ionic liquid for the components of the model essential oil. In particular, the reason of this greater affinity lies in the longer hydrocarbon alkyl chain of the [C4mim] + cation, which confers a relatively more apolar character to the ionic liquid.
Distribution ratios and selectivities
Two classical parameters are often used to evaluate the performance, from a thermodynamic perspective, of a solvent in a liquid-liquid extraction process: the solute distribution ratio (β) and the selectivity (S). These can be directly calculated from the liquidliquid equilibrium data, according to the following expressions:
where x is molar fraction, subscripts 1 and 2 represent the carrier (limonene) and the solute (linalool), and superscripts I and II represent the essential oil-rich and ionic liquid-rich phases, respectively. The solute distribution ratio refers to the transfer of the solute (in this work, linalool) from the feed to the solvent phase, and gives a measure of the amount of solvent that would be needed to carry out the extraction (the lower the solute distribution ratio, the larger amount of solvent that would be needed). The selectivity can be interpreted as the quotient of two distribution ratios: the one of the solute divided by the one of the carrier. It provides a measure of the separating power of the solvent, and would be connected, in terms of design, with the number of stages necessary to achieve a desired degree of separation (the lower the selectivity, the larger the number of stages needed).
Therefore, a good solvent would ideally be the one leading to high solute distribution ratios and high selectivities for the targeted separation.
The calculated solute distribution ratios and selectivities in the systems studied herein are reported in Table 2 , along with the experimental liquid-liquid equilibrium data. As it is evident from the positive slopes observed for the tie-lines in the diagrams of concentration; however, the low distribution ratios associated (Fig. 5a ) would prevent its use in a scaled up deterpenation process. In addition, this is a subcooled ionic liquid at 298.15 K in pure state (its melting temperature is somewhat higher), which could additionally lead to undesired crystallisation problems in the real process. Hence, it can be said that, in general terms, and from a thermodynamic perspective, the acetate ionic liquids outperform all other ionic liquids investigated to date. For a first deterpenation step, in the region with low concentrations of linalool, the acetate ionic liquids would be great solvents. For further deterpenation beyond the maximum capacity of these ionic liquids, perhaps vacuum distillation would be preferred. basicity may play a key role in establishing hydrogen bonds or a similar interaction with the hydroxy group present in the oxyterpene structure, thus favouring its affinity for the ionic liquid phase.
A similar behaviour to that observed in Fig. 5 is also observed when the comparison is carried out not just with ionic liquid but with other molecular solvents previously tested [36, 37] . Among the latter, ethylene glycol and a 15:85 wt/wt mixture of water and ethanol were found to be the best benchmarks. In Fig. 6, again 
Data correlation
A correlation of the liquid-liquid equilibrium data sets of the two ternary systems investigated was carried out. Two classical models were selected: the NRTL ("Non-Random Two-Liquid") and UNIQUAC ("UNIversal QUAsi-Chemical") models [38, 39] . These correlation models were originally developed for systems with no electrolytes. Although multiple modifications of these methods to work with electrolyte-containing mixtures exist, the classical formulations of the models have already been reported to satisfactorily correlate liquid-liquid equilibrium data of ternary systems containing ionic liquids (see, for instance, references 8, 21, 30-32, and references therein).
A computer program by Sørensen and Arlt was used for the correlation of the data with both models [40] . The algorithm in this program uses two objective functions: a first one, Fa, which is a function of activities and does not require the estimation of any previous parameters; and a second one, Fb, which is a function of compositions and takes the set of parameters resulting from the convergence with Fa as initial guess to fit the experimental concentrations. The mathematical expressions of these two objective functions are:
where a is activity, x is molar fraction, "min" refers to a minimum obtained by the NelderMead method [41] , γS∞ represents the solute activity coefficient at infinite dilution, and the symbol ^ on top of a variable indicates that it is a calculated value. Superscripts I y II refer to the phases in equilibrium, and subscripts i, j and k refer to the components, the phases and the tie-lines, respectively. Both functions include a penalisation term (second term on the right hand side of the equations) to reduce the risk of multiple solutions associated with large values of the parameters. In this penalisation term, Q is an empirical constant, which was assigned the value of 10 -6 in Fa and the value of 10 -10 in Fb; and Pn are the adjustable parameters (binary interaction parameters of the corresponding correlation model). The expression of Fb also includes an additional term (third term on the right hand side of the equation) intended to contribute to a more accurate reproduction of the solute distribution ratio at the particularly interesting case of small concentrations of solute in the system. This term is only considered if a fixed value for the molar distribution ratio of the solute at infinite dilution, β∞, is previously defined by the program user; otherwise, the last term in equation 6
is zero.
For application of the UNIQUAC model, the structural parameters r and q of the species involved are needed. These parameters, shown in Table 3 , in the case of the ionic liquids were calculated from group contribution data [42] [43] [44] . For application of the NRTL model, The quality of the correlations was assessed by means of the residual function F and the mean error of the solute distribution ratio, ∆β, defined by the following expressions:
where M is the total number of tie-lines, and all other variables and symbols have already been defined.
Two different correlation strategies were used for each case, in a similar manner to the procedure described by Sørensen [40] , and taking advantage of the potentialities of the software used. In a first situation, the correlation was performed without fixing a previous value for β∞. In a second approach, an optimal value of this parameter was found by trial and error with the minimisation of ∆β as the optimality criterion, and this value of β∞ was fixed prior to carrying out the correlation.
The values of F and ∆β for correlation of the liquid-liquid equilibrium data sets with the NRTL model (showing only the results with α = 0.3, since this value of the nonrandomness parameter led to a better correlation than the other two tried) and the UNIQUAC model, both fixing and without fixing a previous value of β∞, are shown in Table 4 . It is evident that the NRTL model provides a better correlation of the data than the UNIQUAC model. However, the NRTL correlation without fixing a previous value of β∞ leads to rather high values of ∆β.
This aspect can be improved substantially with the use of a previously set value for β∞, although this is at the cost of increasing the value of the residual function F. Nevertheless, since the deviation of the correlation with the experimental data, as given by F, still remained below the 1 %, the NRTL model with α = 0.3 and a previously fixed value of β∞ was selected as the preferred correlation. The corresponding binary interaction parameters obtained for this particular case, for both studied ternary systems, are shown in Table 5 . Since the model was originally developed for non-electrolyte systems, it makes no sense to infer any physical meaning, in terms of interactions between pairs of compounds, from the sets of binary interaction parameters obtained. In spite of this, it is worth emphasising how there was no need of using an electrolyte-adapted NRTL version to get a good correlation of the data, thus allowing a continuous mathematical description of the discrete liquid-liquid equilibrium data experimentally determined.
In the triangular diagrams of Fig. 3 [25] 1.47081 1.4701 [25] linalool 78-70-6 0.02 0.85683 0.85760 [26] 1.45961 1.460 [27] [C2mim][OAc] 143314-17-4 0.12 1.09902 1.0993 [28] 1.50069 1.50091 [28] [C4mim][OAc] 284049-75-8 0.21 1.05270 1.0532 [29] 1.49372 1.49381 [29] a Standard uncertainties u are: 
Conclusions
u(T)=0.01 K, u(p)=10
